FIGURE 1 Engine-out HC emissions versus fuel rate, MEC01 cycle, 1986 Buick Century. Asterisks represent seconds in stoichiometric and enrichment conditions, and circles represent lean operation.
model is being developed to estimate vehicle emissions under several operating modes: (a) the cold start period, the first few minutes after the vehicle is started; (b) stoichiometric operation, the predominant mode of operation when the vehicle's air/fuel ratio is at the proper stoichiometric ratio; (c) enrichment events, when excessive load conditions are placed on the engine (e.g., during sharp accelerations and steep grades) and the air/fuel ratio is commanded rich; and (d) enleanment events, which occur typically with sharp deceleration or load reduction events, during which time the air/fuel ratio is lean and incomplete combustion or misfire occurs. Details of this model development have been described elsewhere (2) (3) (4) (5) ; however, in this paper the focus is on modeling emissions under enleanment conditions and what effect enleanment has on the overall emissions inventory.
Recent research efforts have focused on vehicle enrichment events and their associated high emissions (4, 6, 7) . In contrast, little effort has been focused on understanding enleanment events and their effect on tailpipe emissions. One of the key manifestations of enleanment events is unburned hydrocarbon emissions. Unburned hydrocarbon emissions can be a major vehicle emission source. Heywood (8) has summarized the forming of the unburned hydrocarbons. During compression and combustion, the increasing cylinder pressure forces some of the fuel in the cylinder into crevices between the piston, rings, and cylinder wall. Most of this fuel escapes the primary combustion process because the entrance to these crevices is too narrow for the flame to enter. This fuel, which leaves these crevices later in the expansion and exhaust process, is one source of unburned hydrocarbons. Another source is the combustion chamber wall. A quench layer containing unburned and partially burned fuel-air mixture is left on the wall when the flame is extinguished as it approaches the wall. A third source is any engine oil left in a thin film on the cylinder wall. A final source of HC emissions is incomplete combustion due to bulk quenching of the flame in that fraction of a cycle where combustion is especially slow. Such conditions are most likely to occur during transient engine operation when the air/fuel ratio, spark timing, and the fraction of the exhaust recycled for emission control may not be properly matched. Recent work by Boam et al. of the National Engineering Laboratory (9) has shown that high engineout HC-to-fuel ratios are associated with enleanment. Deceleration causes a series of lean cycles with associated combustion failure; the fuel (evaporated from wall films) is emitted.
In this paper, preliminary analysis and modeling of vehicle hydrocarbons emissions under enleanment conditions are presented. The analysis and modeling are based on measured data from CE-CERT's NCHRP testing program. One of the driving cycles that is used to characterize enleanment conditions is the specially designed modal emission cycle MEC01. This cycle includes rapid load reduction and long deceleration events. Enleanment occurs primarily during both of these events, and the HC emissions during enleanment is designated A comprehensive modal emissions model for light-duty cars and trucks is being developed under the sponsorship of NCHRP Project 25-11. Model development has been described previously for vehicles operating under stoichiometric and enrichment conditions. A modal emissions model is presented for vehicles operated under enleanment conditions. Enleanment typically occurs with sharp deceleration or load reduction events, and sometimes during long deceleration. Under enleanment conditions, the air/fuel ratio is lean and incomplete combustion or misfire occurs. Preliminary research indicates that enleanment emissions (particularly for hydrocarbons) contribute significantly to a vehicle's overall emissions. An enleanment emissions module has been developed on the basis of second-by-second emission measurements generated at the College of Engineering-Center for Environmental Research and Technology's vehicle testing facility using the Federal Test Procedure, US06, and a specially designed modal emission cycle (MEC01). On the basis of more than 200 vehicles tested and modeled, lean-burn hydrocarbon emissions (HC lean ) account for 10 to 20 percent of the overall HC emissions under the various test cycles. HC lean emission contributions vary greatly from vehicle to vehicle, ranging from near 0 to more than 30 percent of total HC emissions of individual vehicles. After detailed analysis of the second-by-second emission data over the modal emission cycle MEC01, it was found that enleanment hydrocarbons emissions are mostly associated with rapid load reduction events and long deceleration events. The former is most likely to cause extremely high levels of HC as short spikes, and the latter is mostly associated with longer-lasting HC puffs. A methodology has been developed to characterize and model enleanment hydrocarbons emissions associated with these two events. The model estimates are compared with measurements, with encouraging results. 
LEAN-BURN HYDROCARBON EMISSIONS
The engine-out HC emissions during combustion (EHC comb ) (both in the stoichiometric and enrichment conditions) can be approximated as follows (3, 6) :
where FR is the calculated fuel rate in grams per second (3,10), a HC is an HC engine-out emission index factor in grams of emissions per gram of fuel, and r HC is usually a much smaller term. Equation 1 states that the engine-out HC emissions are essentially proportional to fuel rate during complete combustion. The coefficients of a HC and r HC can be established by regressing EHC against FR under stoichiometric and enrichment conditions, as shown in Figure 1 . Figure 1 shows second-by-second EHC versus fuel rate for a 1986 Buick
Century tested under the MEC01 cycle. The asterisks represent both the stoichiometric and enrichment events, and the circles represent the enleanment events. The second-by-second air/fuel ratio can be directly estimated from the measurement data, thus providing enrichment or enleanment information on a second-by-second basis. Figure 1 clearly shows that the circles are outliers and deviate significantly above the regression line. These outliers are considered as lean-burn hydrocarbons emission events (HC lean ). Second-by-second data for many vehicles have been studied, and it has been found that almost all high EHC/FR rate points are associated with lean events. Most of the outliers have EHC to FR ratios several times larger than a HC . The threshold used to separate these outliers is 1.25a HC . The remaining analysis depends on the selection of this threshold value, but the dependence of enleanment HC contribution on the selection of the threshold value is not very strong. An optimization technique was used to select this threshold, giving maximum separation between data points. first plot of each figure represents the speed trace recorded on the dynamometer. The second plot is the air/fuel equivalence ratio φ, which is defined as stoichiometric air/fuel ratio (14.6) divided by in-use air/fuel ratio. φ > 1 corresponds to the enrichment events; φ < 1 corresponds the enleanment events. The third and fourth plots are second-by-second engine-out (EHCgs) and tailpipe (THCgs) emissions (given in grams per second), respectively. In the third and fourth plots, the darkened areas represent the emission contributions from enleanment events. Figures 2 and 3 show that the engine-out HC lean emissions (darkened areas) are associated with enleanment air/fuel equivalent ratio (φ < 1.0) and contribute significantly to the overall engine-out HC emissions. Figures 2 and 3 also show that even though HC lean emissions are mostly associated with long deceleration events, several high HC emission spikes are actually associated with the speed fluctuation events around the 190th second of the MEC01 cycle.
Tailpipe HC lean emissions depend on the performance of a vehicle's catalytic converter. The fourth plot of Figure 2 shows that enrichment events (φ > 1.0) dominate overall tailpipe HC emissions. This means that the catalytic converter for this particular vehicle is effective under stoichiometric and enleanment operation conditions but ineffective under enrichment conditions. This is not necessarily the case for all vehicles. Figure 3 shows the measured tailpipe HC emissions from a 1981 Toyota Celica with an essentially dead catalyst. Emission data from other tested vehicles with deteriorated or malfunctioning catalysts also suggest that tailpipe HC emissions associated with both enleanment and stoichiometric operation conditions can contribute significantly to overall tailpipe HC emissions.
VEHICLE VARIABILITY OF LEAN-BURN HYDROCARBON EMISSIONS
In the following discussion, 240 in-use vehicles tested under the MEC01 and FTP cycles and 158 in-use vehicles tested under the US06 cycle are analyzed. The unburned HC engine-out emissions are a consistent feature with all the vehicles tested, although their scale varies greatly. Among this set, 14 vehicles have been selected as sample vehicles to represent a wide variety of emission categories, ranging from a super clean vehicle (1995 Toyota Tercel) to An et al. Paper No. 98-1287 51 a gross emitter (1981 Toyota Celica). The characteristics of these sample vehicles are given in Table 1 .
In Table 1 , "Cyl" represents the numbers of cylinders, "Tran" represents transmission type (M for manual and A for automatic), "Mass" is vehicle mass in pounds, "Mileage" is vehicle odometer reading in miles, and "MPG" is miles per gallon for EPA City and Highway cycles. The last two columns of Table 1 also give the regression coefficients of Equation 1 for each vehicle. These sample vehicles include both Tier 0 and Tier 1 certified cars, light-duty trucks, high-and low-mileage vehicles, and normal and high-emitting vehicles (2) . Tables 2, 3 , and 4 summarize the measured engine-out and tailpipe HC emissions of the 14 sample vehicles, as well as the 240-vehicle average for the MEC01 and FTP cycles and the 158-vehicle average for the US06 cycles. The corresponding percentage contribution from the lean-burn hydrocarbons is also shown. The last three columns of the tables give the percentage of time these vehicles operate in the following three modes: (a) deceleration, (b) deceleration with positive engine power (power output is not big enough to overcome air and tire drag), and (c) deceleration with zero or negative power demand (vehicle coasting down or braking). The last row of these tables also gives the standard deviations of the sample vehicles.
The following observations can be made from these tables:
1. On the average, vehicles spend around 50 percent of their time in a deceleration mode in these three test cycles. In the MEC01 cycle, vehicles spend approximately an equal amount of their time in a "positive deceleration" mode (28 percent), where the sign of the power is positive during a deceleration event, and in a "negative deceleration" mode (26 percent), where the engine power is either zero or negative. In the FTP Bag 2 cycle, vehicles spend less time in the positive deceleration mode (20 percent) than in the negative deceleration mode (26 percent). Under the US06 cycle, vehicles spend more time in the positive deceleration mode (26 percent) than in the negative deceleration mode (21 percent). The enleanment HC emissions tend to occur during the "negative deceleration"periods. 2. On the basis of the vehicles analyzed thus far, the engineout lean-burn hydrocarbon emissions contribute significantly to the overall HC level: approximately 18 percent during the MEC01 cycle, 19 percent during the US06 cycle, and 9 percent during the FTP Bag 2 cycle, on the average. From the standard deviations of these sample vehicles it can also be seen that the HC lean contributions 
CHARACTERIZING AND MODELING LEAN-BURN HYDROCARBON EMISSIONS
As mentioned earlier, two major sources for the HC lean emissions have been identified: transient events and long deceleration events.
TABLE 3 Engine-Out and Tailpipe Emissions of Unburned Hydrocarbon in FTP Bag 2 Cycle TABLE 4 Engine-Out and Tailpipe Emissions of Unburned Hydrocarbon in US06 Cycle
In this section, the lean-burn HC emissions under each type of event are characterized and modeled separately.
Transient Hydrocarbon Emissions Associated with Rapid Load Reduction Events
The transient hydrocarbon emissions associated with rapid load reduction events can be best observed around the 190th second of the MEC01 cycle (Figures 2 and 3) . After careful analysis of the second-by-second data, it was found that the severity of the HC spikes is roughly proportional to the change rate of the specific power: 
Hydrocarbon Emissions Associated with Long Deceleration Events
In normal powered driving the amount of condensed fuel on the walls of the intake manifold is in rough equilibrium, with the addition of fresh condensate from fuel injection and the loss by evaporation into the air that is moving into the cylinders. The amount of fuel on the walls depends to some extent on the recent history of fuel injection, that is, the recent power level. When engine power is negative (i.e., essentially in coastdown and braking events), there is still significant air flow but little or no fuel injection. The condensed fuel will be removed by evaporation over a period of several seconds and will pass through the cylinders. The critical fact is that during these events the fuel-air ratio is typically very lean, so lean that there is little or no combustion. In technical terms the HC emissions index becomes high.
In negative power operation, built-up HCs will be released, resulting in an engine-out HC emission puff whose strength depends on the built-up fuel and the rate of its release. The built-up unburned engine-out HC releases (EHC lean-release ) can be modeled as where r R is the unburned hydrocarbons release rate expressed per second and bHC is the built-up condensed fuel in the intake manifold. The second term in Equation 3 is the summation of released unburned hydrocarbon. Equation 3 implies that the HC lean emission is proportional to the remaining volume of the built-up unburned hydrocarbons residing in the intake manifold.
Equation 3 indicates that EHC lean-release reaches the highest value at the first second, then decays to smaller values with time. From this time dependence the maximum value of EHC lean-release can be measured, which equals r R ‫ء‬ bHC in the first second. If the maximum value of enleanment HC puffs is introduced as hc max (which can be directly measured), then On the basis of Equations 2 and 3, the engine-out HC lean emissions can be modeled during an entire driving cycle. Three parameters require calibration: hc trans , the transient engine-out HC emissions per unit of δSP (Equation 2); hc max , the measured maximum hydrocarbon puffs associated with long deceleration (Equation 4); and r R , the unburned hydrocarbons release rate (Equation 4). hc trans can be determined by dividing the measured maximum transient engine-out HC emissions by the measured maximum change rate of the specific power δSP. r R can be determined by matching the modeled EHC lean-release of Equation 3 with the corresponding measurement values. The total engine-out HC emission can be determined as
The tailpipe HC emissions (THC) can be calculated as where CPF is the catalyst pass fraction defined as 1 minus the catalyst efficiency. The modeling of CPF functions has been explained elsewhere (3) . Figure 4 shows the measured and modeled engine-out HC emissions for the 1986 Buick example vehicle over the MEC01 cycle. The first plot is the MEC01 cycle driving trace, and the second and third plots are the measured and modeled engine-out HC emissions, respectively. The darkened areas in these plots represent the HC lean emissions. To separate the positive from the negative power deceleration events in Figure 4 , a plus sign is used to represent the moments of "positive deceleration," where acceleration is negative but power is positive, and a dark dotted line is used to represent "negative deceleration," where the built-up HC is being released. Figure 4 shows that the model gives good results in the MEC01 cycle. The model can correctly predict the HC lean emissions during transient driving and long deceleration. Generally speaking for all tested vehicles, the modeled profiles match well with the measured ones. Table 5 summarizes and compares the measured and modeled engine-out and tailpipe HC emissions over the MEC01, FTP Bag 2, and US06 cycles for the 14 sample vehicles and the 240-vehicle and 158-vehicle averages. Percentage differences between measured and modeled results are presented, as well as the correlation coefficients (R 2 ) of the two results. The last row gives the standard deviations of the samples. (The percentage differences in the last two rows are calculated on the basis of the final variable means.) Table 5 indicates that the average modeled HC emissions over these vehicles under the three cycles are very close to the average measurement results. For the individual vehicles, the percentage differences between modeled and measured results are all relatively small for the MEC01 cycle (since the MEC01 cycle has been used for calibrating the model parameters) but relatively large for some vehicles under the FTP Bag 2 and US06 cycles. The MEC01 cycle has the best average Mod_THC is modeled tailpipe emissions in grams per mile; THC is the measured tailpipe emissions in grams per mile. The R 2 values are correlation coefficients between the modeling results and measurement results for these 240 vehicles. Since the MEC01 cycle was used to calibrate model parameters, the matches between the modeled and measurement results are excellent, with R 2 = 0.961 for engine-out emissions and R 2 = 0.938 for tailpipe emissions. Figure 6 shows the measured versus modeled engine-out and tailpipe HC emissions for these vehicles under the FTP Bag 2 cycle. Figure 7 shows the measured versus modeled engine-out and tailpipe HC emissions for all the vehicles under the US06 cycle. The R 2 value for the engine-out emissions comparison is about 0.96 and for the tailpipe emission comparison is about 0.82.
Modeling Results
In summary, when considering individual vehicles, the model is not as good for the FTP and US06 cycles as it is for the MEC01 cycle. However, when considering bag data for the entire group of vehicles ( Figures 5, 6, and 7) , the model predicts well in all cases. Indeed, second-by-second emissions over thousands of seconds of highly varied driving for individual vehicles are not precisely modeled by this simple physical model with its limited parameterization. This is because the design, calibration, and in-use conditions of the vehicles vary greatly. The modeling regime is designed to address a simpler situation: groups of similar vehicles in a variety of modes of operation. In this it has been found successful (3, 11) . 
CONCLUSIONS
In this paper, lean-burn hydrocarbon emissions during vehicle hotstabilized operating conditions have been analyzed. The analysis indicates that the lean-burn hydrocarbon emissions can contribute significantly to the overall hydrocarbon emissions. On the basis of more than 200 vehicles tested and modeled, lean-burn hydrocarbon emissions (HC lean ) account for 10 to 20 percent of the overall HC emissions under the various test cycles. There are two major sources of lean-burn hydrocarbon emissions: rapid load reduction events (or transient driving modes) and long deceleration events that follow high-power driving. A simple physical lean-burn hydrocarbon emission model has been developed. The model can accurately predict the HC emissions during the FTP Bag 2, MEC01, and US06 cycles over a fleet of tested vehicles. The model does well in predicting individual vehicles' HC emissions over the MEC01 and FTP Bag 2 cycles.
The estimation of these HC lean contributions is based on a limited test fleet of approximately 240 in-use vehicles. These test vehicles have not been selected on the basis of typical fleet percentages found on the road. Rather, the vehicles were selected for modal emission modeling purposes, which put more emphasis on high-emitting vehicles than would be found in an in-use fleet. Nevertheless, the contributions of enleanment are not expected to differ significantly for a typical in-use fleet. As more modal emission measurement data become available, enleanment modeling will improve.
